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R843terminal growth and cell cycle arrest.
This finding led Arjes et al. to suggest
that cells end up in an infinite loop,
or vicious cycle, in which a cell
division block inhibits DNA replication
and vice versa a block of DNA
replication prevents cell division
(Figure 1). The molecular basis of the
underlying mechanisms remains
unknown. Microarray analysis showed
that extended cell division inhibition did
not induce the SOS response or
stationary phase gene regulation. The
observed cell cycle arrest also did not
depend on the Sigma W-mediated
stress response, or ona reduction in the
levels of the replication initiator DnaA.
In addition to the question of how the
terminal cell cycle arrest is mediated,
another open question concerns why
cells would enter a dormant state from
which they never recover. It is well
known that entering a temporary
growth and cell cycle arrest can allow
individual bacteria within a population,
so-called ‘persisters’, to survive acute
stress conditions, including antibiotic
treatment [9,10]. In contrast to
persisters, the growth and proliferation
arrest of the herein described PONR
cells is irreversible and hence not a
survival mechanism. The authors
suggest that the terminal arrest
helps eliminate cells with defective
division and replication from a growing
population [4]. But thenwhydon’t these
cells just die? It is tempting to speculate
that quiescent bacteria might fulfill
functions on the population level, for
example as structural components in
biofilms. Both B. subtilis and S. aureus
are efficient biofilm producers in nature
[11]. Quiescent but metabolically active
cells could help to maintain biofilm
structure and protect proliferating
neighboring cells. Noticeably,
post-mitotic eukaryotic cells,
which – analogous to the terminally
arrested bacteria – are locked in an
irreversible non-proliferating state
[12,13], fulfill important functions on the
organismal level, for example as
fibroblasts or neurons.
Although the discussed study shows
that cell division inhibition can
cause a permanent cell cycle arrest,
it is important to note that this is not
always the case in all bacteria.
Cell filamentation can in fact protect
bacteria and their reproductive
capacity against various stress
conditions [14]. For example, in
Escherichia coli, Caulobacter
crescentus and other bacteria,UV- or antibiotic-induced DNA
damage triggers synthesis of small
proteins, which can directly block
division by interfering with the cell
division apparatus [15–17]. Once
the damage is repaired, the cell
division inhibitors are cleared and
cell divisions and proliferation resume.
In addition to DNA damage, other
environmental stress conditions result
in reversible forms of bacterial
filamentation that likely constitute
adaptive responses [14]. Whether
a cell division block is reversible
presumably depends on the
mechanism as well as on
species-dependent differences.
Studying the physiological
consequences of cell division inhibition
in different bacteria and growth
conditions has important relevance for
the development of antibiotic drugs.
Bacterial cell division is discussed as a
promising drug target [18]. Whether
and for how long different bacteria can
recover upon division inhibition must
be carefully taken into account when
considering the use of division
inhibitors in medical settings.
References
1. Cooper, S., and Helmstetter, C.E. (1968).
Chromosome replication and the division
cycle of Escherichia coli B/r. J. Mol. Biol. 31,
519–540.
2. Bates, D., and Kleckner, N. (2005).
Chromosome and replisome dynamics in
E. coli: loss of sister cohesion triggers global
chromosome movement and mediates
chromosome segregation. Cell 121, 899–911.
3. Wang, J.D., and Levin, P.A. (2009). Metabolism,
cell growth and the bacterial cell cycle. Nat.
Rev. Microbiol. 7, 822–827.
4. Arjes, H.A., Kriel, A., Sorto, N.A., Shaw, J.T.,
Wang, J.D., and Levin, P.A. (2014). Failsafe
mechanisms couple division and DNA
replication in bacteria. Curr. Biol. 24,
2149–2155.5. Monahan, L.G., Liew, A.T., Bottomley, A.L., and
Harry, E.J. (2014). Division site positioning in
bacteria: one size does not fit all. Front.
Microbiol. 5, 19.
6. Thanbichler, M. (2010). Synchronization of
chromosome dynamics and cell division in
bacteria. CSHL Pers. Biol. 2, a000331.
7. Dai, K., and Lutkenhaus, J. (1991). ftsZ is
an essential cell division gene in Escherichia
coli. J. Bacteriol. 173, 3500–3506.
8. Hirota, Y., Ryter, A., and Jacob, F. (1968).
Thermosensitive mutants of E. coli affected in
the processes of DNA synthesis and cellular
division. Cold Spring Harb. Symp. Quant. Biol.
33, 677–693.
9. Levin, B.R., and Rozen, D.E. (2006).
Non-inherited antibiotic resistance. Nat. Rev.
Microbiol. 4, 556–562.
10. Lewis, K. (2010). Persister cells. Annu. Rev.
Microbiol. 64, 357–372.
11. Lopez, D., Vlamakis, H., and Kolter, R. (2010).
Biofilms. CSHL Pers. Biol. 2, a000398.
12. Campisi, J., and d’Adda di Fagagna, F.
(2007). Cellular senescence: when bad things
happen to good cells. Nat. Rev. Mol. Cell.
Biol 8, 729–740.
13. Hayflick, L. (1965). The limited in vitro lifetime of
human diploid cell strains. Exp. Cell Res. 37,
614–636.
14. Justice, S.S., Hunstad, D.A., Cegelski, L., and
Hultgren, S.J. (2008). Morphological plasticity
as a bacterial survival strategy. Nat. Rev.
Microbiol. 6, 162–168.
15. Jonas, K. (2014). To divide or not to divide:
control of the bacterial cell cycle by
environmental cues. Curr. Op. Microbiol. 18,
54–60.
16. Modell, J.W., Hopkins, A.C., and Laub, M.T.
(2011). A DNA damage checkpoint in
Caulobacter crescentus inhibits cell division
through a direct interaction with FtsW.
Genes Dev. 25, 1328–1343.
17. Mukherjee, A., Cao, C., and Lutkenhaus, J.
(1998). Inhibition of FtsZ polymerization by
SulA, an inhibitor of septation in Escherichia
coli. Proc. Nat. Acad. Sci. USA 95, 2885–2890.
18. Lock, R.L., and Harry, E.J. (2008). Cell-division
inhibitors: new insights for future antibiotics.
Nat. Rev. Drug Disc. 7, 324–338.LOEWE Center for Synthetic Microbiology
(SYNMIKRO), Philipps University Marburg,
35043 Marburg, Germany.
E-mail: kristina.jonas@synmikro.
uni-marburg.dehttp://dx.doi.org/10.1016/j.cub.2014.07.067Pheromone Signaling: A Pissing
Contest in TilapiaIn many species, males produce elaborate signals used by females in the
evaluation of potential mates. Two urinary steroid epimers have now been
shown to be components of a courtship display by male Mozambique tilapia
that promotes female maturation.Weiming Li* and Tyler Buchinger
Mate assessment using pheromones is
known to be widespread throughout
the animal kingdom [1]. Pheromone
communication is extensively studiedin invertebrates, in particular, and
thousands of insect pheromones have
been identified. Our understanding of
pheromone communication in
vertebrates, however, has progressed










Figure 1. Urinating to dominance and mating success.
Dominant males, with large and muscular bladders (B), store and release a large amount of
urine [11–13] with high concentrations of 20a- and 20b-pregnanetriol 3-glucuronates
(20 a-PG and 20 b-PG) that are known to stimulate the maturation induction hormone,
17,20b-P, in females [4]. Subordinate males have smaller bladders (b).
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group of vertebrates, only in two
species, goldfish [2] and masu salmon
[3], have pheromone communication
systems been elucidated from
chemical identity to biological function.
In both of these species, mature
females release pheromones that
stimulate endocrine or behavior
responses in males of the same
species. An interesting new study
reported in this issue ofCurrent Biology
[4] has identified two stereoisomers of
the steroid pregnanetriol 3-glucuronate
that are involved in male dominance
hierarchies and spawning
synchronization in Mozambique tilapia
(Oreochromis mossambicus).
Mozambique tilapia reproduce in
leks, aggregations of territorial males
who compete for females with
courtship displays [5]. Lekking species
are useful when studying signals
involved in mate choice because males
often develop extravagant displays [6].
These displays, or signals, are often the
evolutionary result of strong sexual
selection, asmales contribute very little
aside from sperm and a small number
of males partake in a large proportion
of mating events. In Mozambique
tilapia, a major courtship display
appears to be the release of a copious
amount of urine, endowed by a larger
and more muscular bladder
in dominant males.
In their natural habitat in South
Africa, male Mozambique tilapia start
to move into shallow water and
converge on selected nest sites when
the water temperature increases in
September, which marks the start of
the four-month spawning season [5].These males aggregate in leks and
forma linear hierarchy through frequent
contests composed of aggressive
interactions such as broadside
displays, chasing, and jaw-locking.
Larger males are usually victors of
aggressive interactions and hold higher
positions in the hierarchy [7], while
many smaller males are repulsed from
the spawning ground [5]. The
aggressive displays appear to be
symbolic posturing, rather than actual
fights. Dominant males urinate more
frequently, have higher concentrations
of urinary androgens, larger spawning
pits, and acquire most of the mating
events (Figure 1) [8]. A female visits a
male’s spawning pit after being courted
or on her own accord [9]. The pair
circles the nest together before the
female releases several batches of
eggs and the male fertilizes the eggs.
Subordinate males attempt to increase
mating success using alternative
mating tactics such as sneaking and
female-mimicry [10].
How do females identify dominant
males? Unlike many fish species,
such as guppies or sticklebacks,
male Mozambique tilapia, often
described as dull colored, do not
bedazzle females with eye-catching
nuptial colors. Instead, dominant
males titillate the olfactory system
of females with the pheromonal
aroma of urine [11]. Dominant males
increase urination frequency in
the vicinity of receptive females and
have increased urinary capacity
relative to subordinate males [11–13].
Females increase production of
17a,20b-dihydroxypregn-4-en-3-one
(17,20b-P), the oocytematuration-inducing steroid, upon
olfactory detection of dominant male
urine [14], and show behavioral
preferences for dominant male urine
(A. Canario, personal communication).
Knowing that the social interactions
of Mozambique tilapia can be
replicated in small ponds and tanks [9],
Keller-Costa et al. [4] created social
groups of mature male and female
Mozambique tilapia in tanks,
and found that urine of dominant males
elicit larger olfactory responses than
those of subordinatemales. From 30ml
urine of dominant donors, the authors
solated two steroid epimers, and
elucidated their structures as
5b-pregnane-3a,17a,20a-triol-
3a-glucuronate (20 a-PG) and
5b-pregnane-3a,17a,20b-triol-
3a-glucuronate (20 b-PG). Both
compounds stimulate the olfactory
epithelium of tilapia at concentrations
as low as 10211 M. Upon exposure to
a waterborne mixture of the steroid
epimers for an hour, females show an
almost ten-fold increase of 17,20b-P
(Figure 1). This level of hormonal
changes is consistent with those in
females exposed to dominant male
urine, and likely influences the
maturation process.
Dominant males have urine that
holds higher concentrations of the
pregnanetriol 3-glucuronate epimers.
Keller-Costa et al. [4] reasoned that a
plausible mechanism for females to
assess the dominance status of a
potential mate is through the more
frequent and active urination of
dominant males as well as the dilution
effect that may render the subordinate
male urine below the detection limit. In
any case, winning the pissing match
seems to be the secret to mating
success for male Mozambique tilapia.
Not to be outdone, dominant males of
American lobster (Homarus
americanus) are known to hold, in their
rosette shaped nephropore glands (or
shall we say, bladders), a large amount
of urine and jet it at opponents, sending
chemical signals strong enough to evict
subordinate males from their shelves
[15]. The urine signal can be squirted up
to seven body lengths forward, through
a mechanism that mixes urine into the
gill current [16]. When an individual’s
fitness is at stake, pissing contests can
be a serious sport.
The olfactory system has an amazing
capability to discriminate between
stereoisomers. Such olfactory
discrimination can result in several
Dispatch
R845relationships between stereochemistry
and pheromone activity. Some
pheromones require a natural mixture
of stereoisomers to be active, such as
those employed by the ambrosia beetle
(Gnathotrichus sulcatus), which
produces the (R)- and (S)-enantiomers
of the aggregation pheromone sulcatol
but respond only to a mixture of each
[17]. Others are naturally produced in
different ratios between individuals,
such as the blend of pheromone
stereoisomers produced by male Asian
elephants that change with maturity
and elicit stronger responses when
mixed at 1:1 ratios [18]. Still others are
only active as one stereoisomer,
inhibited by stereoisomers, or even




activity is also apparent in fish. The
pheromones of the masu salmon and
the sea lamprey are known to bind only
with a specific stereochemistry, where
L- but not D-kynurenine is attractive to
male Masu salmon [3] and the 5a- but
not 5b-3keto-petromyzonol sulfate
elicits strong olfactory responses in
sea lamprey [20]. In Mozambique
tilapia, Keller-Costa et al. [4] have
shown that a mixture of the two steroid
stereoisomers increases release of
17,20b-P. The 20 a-PG and 20 b-PG
stereoisomers appear to be detected
by the same receptor mechanisms, and
the higher binding affinity and release
rate of 20 b-PG may be evidence for
higher bioactivity. These results lead to
questions on how the 20 a-PG:20 b-PG
ratio in mixtures and individual
stereoisomers affect the pheromone
function, which can now be examined
efficiently in the Mozambique tilapia
model. Indeed, the identification of the
20 a-PG and 20 b-PG stereoisomers as
natural mixtures in the tilapia
pheromone sets a foundation for future
studies on the importance of ratios and
stereoisomers in fish pheromone
systems.
In addition to mediating female mate
choice, male-released urinary
pheromones convey social status
to other males [11]. Dominant males
increase urination frequency during
aggressive displays with subordinate
males. In contrast, subordinate males
do not increase urination frequency
when confronted by dominant males.
Dominant male urine stifles
aggressive behavior in other dominant
males, but subordinate male urineincreases aggressive behavior in
dominant males (unpublished data).
Whether the same 20 a-PG and
20 b-PG stereoisomers mediate
aggressive male–male interactions is
yet to be determined. Regardless,
the urine inspired social structures of
Mozambique tilapia are sure to inspire
further studies that will advance our
understanding of pheromone
communication.References
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Anatomically modern humans arose
in East Africa approximately
150 thousand years ago (kya) [1],and roughly 60 kya began an odyssey
that resulted in the peopling of nearly
all habitable regions of the world [2].
The varied climates and pathogens
our ancestors encountered as they
dispersed into new environments were
